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(57) Abstract: A dynamic controller for a multi-channel EDFA-type optical amplifier is provided that is capable of providing a 
substantially tilt-free output over a range of selectable gain set points. The dynamic controller includes a variable optical attenuator 
coupled between the two amplification coils of the EDFA amplifier, and a control circuit that instructs the attenuator of an amount 
that each channel should be attenuated to achieve a tilt-free output at a selected gain point. The controller further includes a gain 
controller and a tilt controller connected to the control circuit of the variable optical attenuator for providing signals indicative of an 
average amount of per channel attenuation and a relative amount of per channel attenuation necessary to achieve a selected gain set 
point while reducing or eliminating tilt, respectively. 
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DYNAMIC CONTROLLER FOR A MULTI-CHANNEL 
OPTICAL AMPLIFIER 



5 FIELD OF THE INVENTION 

[0001] This invention generally relates to control systems for optical amplifiers and is 
specifically concerned with a dynamic gain and tilt controller for an erbium-doped fiber 
amplifier that monitors amplified spontaneous emission at different points in the 
amplifier output spectrum to minimize tilt in the output. 

10 

BACKGROUND OF THE INVENTION 
[0002] Erbium-doped fiber amplifiers (EDFAs) are used in optical transmission 
networks to extend transmission distances and to compensate for losses from various 
network elements. Such amplifiers typically comprise a pump laser whose output is 
15 optically coupled to the input of two or more serially connected coils of erbium-doped 
optical fiber. In operation, the output of the pump laser excites the atoms of erbium 
dopant within the serially connected coils of doped fiber. These excited atoms release 
their excess energy in proportion to the strength of the incoming optical signal, which 
results in a modulated, amplified output. 
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[0003] While such EDFAs work well for their intended purpose, problems arise when 
such amplifiers are used to amplify with multi-channel optical signals. Because of 
mismatches between the differing wavelengths of such multi-channel signals, and the 
population of dopant atoms at various excitation states, such amplifiers tend to amplify 

5 certain channels more than others, resulting in a non-flat gain across the spectrum of 
optical channels. Such non-uniformities in output amplification across a spectrum of 
channels is known as tilt. If the tilt in the output is not corrected, the noise, or 
amplified spontaneous emission (ASE) carried by the least-amplified channels can 
accumulate over distance to a point where the signal to noise ratio becomes small 

10 enough to effectively obliterate the channel. 

[0004] The prior art has attempted to solve the tilt problem by interposing a gain 
flattening filter between the two serially connected coils of erbium-doped optical fiber. 
Such a filter is pre-calibrated at a particular gain level to attenuate the most strongly 
amplified channels in order to flatten the distribution of amplification across the 

15 channel spectrum. Unfortunately, such a technique has proven to be only a partial 
solution as it does not remove all of the tilt associated with the amplifier output. 
Moreover, this technique is limited to a single, preselected gain level as the shape of the 
tilt varies with the gain of the amplifier. To further flatten the amplified output, it has 
also been proposed to modulate the power input to the pump laser in accordance with 

20 the relative amplitudes of ASE power taken from the end points of the output channel 
spectrum. Since the strength of an amplified channel is proportional to the strength of 
the ASE in the frequency neighborhood of that channel, the comparison of ASE 
strength at the end points of the channel spectrum yields a clear indication of the 
amount of tilt in the amplified output. The combination of a gain flattening filter with 

25 such laser power modulation effectively reduces more of the tilt associated with the 
output signal by changing the population distribution of the various excited states of the 
dopant in the amplifier coils. Unfortunately, such a technique is likewise effective at 
only a single gain set point level, which in turn limits its flexibility within an optical 
transmission system in situations where, for example, a constant output strength is 

30 desired while the strength of the signal to be amplified varies. 

[0005] Accordingly, there is a need for a dynamic controller for a multi-channel optical 
amplifier that is capable of providing effective tilt control of the amplifier output over 
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any one of a broad range of selectable gain level set points. Ideally, such a controller 
would be relatively simple in construction, and formed from inexpensive, commercially 
available optical and electrical components. Finally, such a system should be easily 
retrofittable onto existing EDFA amplifiers. 

SUMMARY OF THE INVENTION 
[0006] The controller of the invention overcomes the aforementioned shortcomings 
associated with the prior art by providing a dynamic controller for a multi-channel 
optica] amplifier capable of providing tilt control over a broad gain range of selectable 
gain levels. To this end, the controller of the invention comprises a variable optical 
attenuator (VOA) coupled between the input and output of the amplifier, a control 
circuit connected to the variable optical attenuator for controlling the amount that each 
optical channel should be attenuated to attain a flat output over the channel spectrum, 
and a gain controller and a tilt controller connected to an input of the control circuit. 
The gain controller provides a signal indicative of an average amount of per channel 
attenuation necessary to achieve a selected gain set point. The tilt controller provides a 
signal indicative of relative amounts that different channels should be attenuated to 
reduce tilt. 

[0007] The gain controller includes a ratio circuit connected to input and output signals 
of the amplifier for providing a signal indicative of actual amplifier gain, as well as a 
set point circuit connected to the ratio circuit for providing a signal indicative of any 
difference between the selected amplifier gain and actual amplifier gain. This 
difference signal is in turn relayed to the control circuit of the variable optical 
attenuator. 

[0008] The tilt controller includes a noise circuit optically connected to the amplifier 
output for providing a signal indicative of relative strengths of ASE between different 
channels, as well as a pump laser control circuit for providing a signal indicative of a 
power level that said laser should be operated at to reduce tilt. The tilt controller 
further includes a VOA adjustment circuit connected to the output of the pump laser 
control circuit for providing a signal to the VOA control circuit indicative of relative 
amounts the different channels should be attenuated to reduce tilt. To further flatten the 
amplified signal output, the tilt controller may further comprise a dynamic gain 
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flattening filter coupled between the variable optical attenuator and the downstream 
coil of erbium-doped fiber cable. The dynamic gain flattening filter may have an input 
connected to an output of the noise monitoring circuit in order to assist the VOA in 

" flattening the amplifier output. 

5 [0009] In operationrthe system operator selects a set point via the set point circuit of 

the gain controller. The gain controller in turn instructs the variable optical attenuator 
controller of the amount each channel should be attenuated in order to achieve the 
selected gain. Simultaneously, the tilt controller monitors the amount of ASE across 
two selected points in the channel output spectrum, and proceeds to provide a signal to 

10 the control circuit of the variable optical attenuator indicative of relative amounts that 
different channels should be attenuated to reduce tilt. The control circuit combines the 

signals-receiyed_from the gain contr oller and the tilt controller such that the variable 

optical attenuator provides a substantially tilt-free output at the selected gain level. 

1 5 BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Figure 1 is a schematic diagram of a first embodiment of the dynamic controller 
connected to an EDFA, wherein the amplifier components are indicated in phantom; 
[0011] Figure 2 is a second embodiment of the dynamic controller which utilizes only a 
single optical tap in combination with an optical power monitor in lieu of a pair of 

20 optical taps; 

[0012] Figure 3 is a third embodiment of the invention which is similar to the second 
embodiment with the addition of a dynamic gain flattening filter in combination with a 
dedicated control circuit therefor, and 

[0013] Figure 4 is a graph indicating optical channel wavelengths (expressed in 
25 nanometers) over amplification gain, comparing the amplifier output of the invention 
(indicated in a solid line) over a multi-channel spectrum for a variety of gain set points 
versus the output of a prior art optical amplifier (indicated in a dash line) over the same 
channel spectrum and gain levels. 

30 

DETAILED DESCRIPTION OF THE INVENTION 
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[0014] With reference to Figure 1, wherein like reference numerals indicate like 
components throughout all of the several Figures, the dynamic controller 1 of the 
invention is particularly adapted for use with an EDFA-type optical amplifier 3 well 
known in the optical transmission arts. Such an amplifier 3 includes an optical input 
5 wave guide 5 for receiving an amplifier input (Pin). The input wave guide 5 is serially 
connected to a wavelength division multiplexer 7 for coupling the output of a pump 
laser 9 into the amplifier 3. While only one pump laser 9 is shown in Figure 1, such 
amplifiers 3 often employ more than one pump laser, and it should be understood that 
the dynamic controller 1 is applicable to any optical amplifier regardless of the number 

10 of pump lasers used. The output of the wavelength division multiplexer 7 is connected 
to aii upstream amplification coil 11 formed from a coiled length of erbium-doped 
optical fiber. The output of the upstream amplification coil 1 1 is in turn connected to a 
gaiiTflattening"firter^r3 whiclris rpre^alibrated at a particular gain level to reduce tilt in 
the output of the amplifier 3 by attenuating the strengths of the most amplified channels 

15 so that they are roughly equal to the strength of the least amplified channels. Finally, 
the EDFA amplifier includes a downstream amplification coil 15 which, like coil 1 1, is 
formed from a coiled length of erbium-doped optical fiber. The amplified output Pout 
of the EDFA 3 is transmitted through the optical output wave guide 17. 
[0015] The dynamic controller 1 of the invention includes a variable optical attenuator 

20 (VOA) 20 preferably coupled between the upstream amplification coil 1 1 and gain 
flattening filter 13. Such optical attenuators are electronically controlled optical 
elements capable of attenuating each of the various channels within the amplifier input 
at any point along a fairly broad attenuation range. The optical attenuator 20 is 
connected to the output of a VOA control circuit 22 that provides the signals instructing 

25 the attenuator 20 the exact amount that each of the channels in the output is to be 
attenuated. In the prefeired embodiment, the variable optical attenuator 20 and VOA 
control circuit are manufactured by Corning Incorporated, located in Corning, New 
York. 

[0016] A gain controller 24 is connected to the VOA control circuit 22 for providing 
30 signals for instructing the VOA control circuit 22 as to an average amount that each of 
the channels is to be attenuated in order for the amplifier 3 to amplify the input Pin at a 
selected gain set point. The gain controller 24 includes a ratio circuit 26 connected to 
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an input tap 28 and an output tap 30 for generating a signal indicative of the actual gain 
of the amplifier 3. Both the input and output taps 28, 30 convert a small percentage of 
__=^the-light-energ-y4nto an-e and continuously conduct these signals to the 

ratio circuit 26, which in turn compares the strength of these signals in order to generate 
5 a signal indicative_of_a_power„ratio_between Pin and Pout. The ratio circuit 26 is 
connected to a set point circuit 32 which compares the actual gain of the amplifier 3 
indicated by the ratio of Pin and Pout with the gain level associated with a selected set 
point. The set point circuit 32 then generates a signal indicative of any difference 
between the actual and desired amplifier gain, and transmits this difference signal to the 
10 VOA control circuit 22. Circuit 22 converts this difference signal into a signal 
indicative of an average amount that each of the channels is to be attenuated in order to 
achieve the gain associated with the selected gain set point. In the prefen-ed 
embodiment, the ratio circuit 26 and the set point circuit 32 are preferably 
manufactured by Corning Incorporated, although these components could be replaced 
15 by a microprocessor or digital signal processor. 

— -[0017]-A-tflt-e©ntro^ 22 - 
Tilt controller 35 includes a noise monitoring circuit 37 which, in this particular 
embodiment, is formed by a pair of wavelength division multiplexers 39a,b serially 
connected downstream of the amplification coil 15. Each of the multiplexers 39a,b is 
20 tuned to receive different portions of the amplified output signal generated by the 
amplifier 3 at wavelengths which are in between the wavelengths associated with the 
data-carrying channels of the output. The monitoring of frequencies disposed between 
the amplifier output not only obviates the need for using and hence reducing the 
number of channels that can be used to transmit data, but also provides a clean base line 
25 for noise or amplified spontaneous emission (ASE) which is completely unmixed with 
a data-carrying signal. The two points on the output spectrum monitored by the 
multiplexers 39a,b are selected near the end points of the output spectrum to provide a 
maximum amount of information with respect to the amount of tilt which may be in the 
composite output signal. 
30 [0018] The ASE-indicating light captured by the multiplexers 39a,b is relayed to 
photodiodes 41a,b which in turn convert this light into an electrical signal. These 
electrical signals are amplified by trans-impedance amplifiers 43a,b, respectively. The 
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outputs of the trans-impedance amplifiers 43a,b are conducted to comparator circuit 35 
which generates a signal indicative of the relative strengths between these signals (and 
hence the relative strength between the AFE noise or ASEs associated with the two 
selected points of the output spectrum). This signal is in turn transmitted to a tilt set 
5 point circuit 47, which generates a signal that indicates the degree to which the power 
level to the pump laser should be modified in order to minimize tilt. The signal from 
the lilt set point circuitry is in turn conducted to the pump laser control circuit 50, 
which modulates the power level that the pump laser 9 is to be operated in order to 
reduce lilt. The power modulation signal generated by the circuit 50 is also conducted 

10 to the last component of the tilt controller, which is a VOA adjustment circuit 52. The 
adjustment circuit 52 converts the power modulation signal received from the pump 
laser control circuit 50 into a signal indicative of the relative amounts that each of the 
channels in the amplifier output should be attenuaf^~1irorder~to~eliininate tilt. This 
signal is in turn conducted to the VOA control circuit 22 as indicated. 

15 [00191 The VOA control circuit 22 synthesizes the signals it receives from the gain 
controller 24 and the tilt controller 35 into electronic commands to the variable optical 
attenuator 20 which instruct the attenuator 20 the degree to which each channel is to be 
attenuated in order to achieve the gain selected by the set point circuit 32 while 
eliminating tilt in the amplifier output. 

20 [0020] Figure 2 illustrates a second embodiment 55 of the dynamic controller. In this 
embodiment, the pair of wave division multiplexers in the noise monitoring circuit 37 
of the Figure 1 embodiment have been replaced by a single optical tap 57, which in turn 
transmits a small percentage of the entire spectrum of the output of the amplifier 3 to an 
optical power monitor 59. The optical power monitor 59 contains a plurality of 

25 photodiodes and is capable of selecting different points across the output spectrum of 
the amplifier, and converting the light associated with these points into two different 
electrical signals which are in turn amplified by trans-impedance amplifiers 43a,b. The 
resulting signals are processed in the same manner as described with respect to the 
embodiment of Figure 1. The advantage of replacing the wavelength division 

30 multipliers 39a,b of the first embodiment with the tap 57 and optical power monitor 59 
is that the comparison points in the spectrum of the optical output may be varied, if 
desired. As was the case with the first embodiment, the specific points selected are 
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preferably frequencies existing in between the data-carrying channels of the amplifier 
output. In the preferred embodiment, the optical power monitor 59 may be a 
commercially available power monitor manufactured either by Coming Incorporated or 
by JDS Uniphase. 

5 [0021] Figure 3 represents a third embodiment 60 of the dynamic controller of the 
invention. This embodiment is identical to the second embodiment illustrated in Figure 
2, with the exception that the static, non-adjustable gain flattening filter 13 normally 
associated with the optical amplifier 3 has been replaced with a dynamic gain flattening 
filter (DGFF) 62 which has a capacity to vary the attenuation of the optical channels 

10 contained within the amplifier output, thereby complementing the function of the 
variable optical attenuator 20. To this end,- a DGFF control circuit 64 is connected to 
the dynamic gain flattening filter 62. An input of the DGFF control circuit is connected 

to an out ^rof the^ticarpwernrncnfiitOT a 

signal indicative of the amount of tilt associated with the amplifier output. 

15 [0022] Figure 4 is a graph that compares the operation of an optical amplifier equipped 
with the dynamic controller of the invention (solid line) with a prior art optical 
amplifier (dotted line). At a gain set point (28dBm) that the prior art amplifier is 
calibrated for, both optical amplifiers have a relatively flat, substantially tilt free output. 
However, at gain levels above and below the specific gain set point that the prior art 

20 optical amplifier is calibrated for, increasing amounts of tilt are evident in the amplified 
output. By contrast, the output of an amplifier equipped with the controller of the 
invention remains substantially flat over a broad range of selectable gain set points, 
represented by the distance between 20 and 32dBm in the graph. 
[0023] While this invention has been described with respect to several preferred 

25 embodiments, various modifications and additions to the invention will become evident 
to persons of skill in the art. All such variations, modifications, and additions are 
intended to be encompassed within the scope of this patent, which is limited only by the 
claims appended hereto. 
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PARTS LIST 



1. 


Dynamic controller (1 st embodiment) 


3. 


EDFA-type optical amplifier 


5. 


Optical input wave guide 


7. 


Wavelength division multiplexer 


9. 


Pump laser 


11. 


Upstream amplification coil 


13. 


Gain flattening filter 


15. 


Downstream amplification coil 


17. 


Output wave guide 


19. 


[Dynamic controller] 


20. 


Variable optical attenuator 


22. 


Attenuator controller 


24. 


Gain controller 


26. 


Ratio circuit 


28. 


Input tap 


30. 


Output tap 


32 


Set point circuit 


35. 


Tilt controller 


37. 


Noise monitoring circuit 


39. 


Wavelength division multiplexers a, b 


41. 


Photodiodes a, b 


43. 


Trans-impedance amplifiers a, b 


45. 


Comparator circuit 


47. 


Tilt set point circuit 


50. 


Pump laser control circuit 


52. 


VOA adjustment circuit 


55. 


Dynamic Controller, second embodiment 


57. 


Tap 


59. 


Optical power monitor 


60. 


Dynamic controller, third embodiment 


62. 


Dynamic gain flattening filter (DGFF) 



WO 02/080378 



PCT/US02/05236 



10 

64. DGFF control circuit 
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WHAT IS CLAIMED IS: 

1 . A dynamic controller for a multi-channel optical amplifier, comprising: 
a variable optical attenuator coupled between an input and output of the 

amplifier; 

5 a control circuit connected to the variable optical attenuator for 

generating control signals instructing the attenuator of an amount that each channel 
should be attenuated; 

a gain controller connected to the control circuit for providing a signal 
indicative of an average amount of per channel attenuation necessary to achieve a 
10 selected gain set point, and 

a tilt controller connected to the control circuit for providing a signal 
indicative of relative amounts that different channels should be attenuated to reduce tilt. 



2. The dynamic controller according in claim 1 or 11, wherein said gain 
15 controller includes a ratio circuit connected to input and output signals of said amplifier 

for providing a signal indicative of actual amplifier gain. 

3. The dynamic controller according in claim 2, wherein said gain 
controller further includes a set point circuit connected to said ratio circuit for 

20 providing a difference signal to said control circuit indicative of a difference between 
selected amplifier gain and actual gain. 

4. The dynamic controller according in claim 1 or 11, further comprising 
an optical gain flattening filter for attenuating optical channels to reduce tilt in the 

25 amplifier output. 

5. The dynamic controller according in claim 2, wherein said gain 
controller further includes first and second tap circuit assemblies optically connected to 
the input and output of the amplifier for providing said input and output signals to said 

30 ratio circuit. 
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6. The dynamic controller according in claim 1 or 11, wherein said tilt 
controller includes a noise monitoring circuit optically connected to the amplifier 
output for providing a signal indicative of relative amplitudes of amplified noise 
between different channels. 

5 ' 

7. The dynamic controller according in claim 6, further comprising a pump 
laser, wherein said tilt controller further includes a pump laser control circuit for 
providing a signal indicative of a power level that said laser should be operated at to 
reduce tilt. 

10 

8. The dynamic controller according in claim 7, wherein said tilt controller 
iiKliiHpQ a timer ci rcuit connected to said power level signal for providing a signal to 

said control circuit indicative of relative amounts that different channels should be 
attenuated to reduce tilt. 

15 

9. The dynamic controller according in claim 6, wherein said noise circuit 
includes two photosensitive circuits for converting different frequencies of the optical 
output of the amplifier into electrical signals, and wherein said different frequencies fall 
between different channels in the output. 

20 

10. The dynamic controller according in claim 9, wherein said noise circuit 
further includes an error circuit connected to said signals of said photosensitive circuits 
for providing a signal indicative of relative amplitudes of said signals. 

25 11. A dynamic controller for a multi-channel, erbium-doped fiber amplifier 

of the type including a pump laser for amplifying an optical input, comprising: 

a variable optical attenuator coupled between an input and output of the 

amplifier; 

a control circuit connected to the variable optical attenuator for 
30 generating control signals instructing the attenuator of an amount that each channel 
should be attenuated; 
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a gain controller connected to the control circuit for providing a signal 
indicative of an average amount of per channel attenuation necessary to achieve a 
selected gain set point, and 

a tilt controller connected to the control circuit for providing a signal 
5 indicative of relative amounts that different channels should be attenuated to reduce tilt. 

12. The dynamic controller according in claim 11, wherein said tilt 
controller is further connected to the pump laser. 

10 13. The dynamic controller according in claim 4, wherein said gain 

flattening filter attenuates preselected channels preselected amounts to reduce tilt. 

14. The dynamic controller according in claim 4, wherein said gain 
flattening filter is responsive to a signal generated by said tilt controller to dynamically 
15 attenuate different channels different amounts to reduce tilt. 

25. The dynamic controller according in claim 6, wherein said noise circuit 
further includes an optical power monitor for providing a plurality of different optical 
frequencies to said photosensitive circuits. 
20 26. The dynamic controller according in claim 15, further comprising a 

dynamic gain flattening filter connected to an output of said optical power monitor. 



25 
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(57) Abstract: A dynamic controller for a multi-channel EDFA-type optical amplifier is provided that is capable of providing a 
substantially tilt-free output over a range of selectable gain set points. The dynamic controller includes a variable optica] attenuator 
(20) coupled between the two amplification coils (11 and 15) of the EDFA amplifier, and a control circuit (22) that instructs the 
attenuator (20) of an amount that each channel should be attenuated to achieve a tilt-free output at a selected gain point. The controller 
further includes a gain controller (26 and 32) and a tilt controller (52) connected to the control circuit (22) of the variable optical 
attenuator for providing signals indicative of an average amount of per channel attenuation and a relative amount of per channel 
attenuation necessary to achieve a selected gain set point while reducing or eliminating tilt, respectively. 
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